Two algorithms are presented for calculation of the van der Waals modes of weakly bound clusters. Both methods rely on the harmonic normal mode approximation and a chosen intermolecular potential. These calculational techniques differ specifically in the form of the force field employed: one method uses the total (both intra-and intermolecular) force field for the cluster and the other uses only the intermolecular force field. Both methods require rather elaborate coordinate transformation and their first and second partial derivatives; these are provided in detail. The two calculations generate eigenvalues and eigenvectors that are in complete agreement with one another for a given potential. The methods insure that the van der Waals modes are calculated at the proper cluster equilibrium configuration for which all torques and forces on molecules and/or atoms are effectively zero. Examples are presented for (H 2 0)n (n = 2, ... ,7), benzene clustered with water, methane, and ammonia, and a number of different intermolecular potentials. Some of the observed heterogeneous cluster van der Waals modes are reassigned in light of these new results.
I. INTRODUCTION
The accurate calculation of cluster van der Waals vibrational modes based on empirical potentials is of central importance for a number of purposes: (1) assignment of spectroscopically identified cluster vibrations; (2) determination and validation of various potential energy models of cluster interactions; (3) determination of the structure of both large and small clusters; and (4) estimation of the effect of the mixing of molecular internal modes with cluster intermolecular van der Waals modes. In this report we discuss two different methods for the proper and accurate calculation of van der Waals modes of clusters: one method calculates van der Waals modes for fixed molecular geometries, and the other calculates van der Waals modes following a distortion (relaxation) of molecular geometry brought about by the intermolecular potential energy. We refer to these algorithms as the external force field (EFF) method and the total force field-relaxed molecule (TFF-RM) method, respectively. Systematic study of intermolecular motions in crystals can be traced back to the early studies of Halford, I Homig,2 and Shimanouchi. 3 Bemstein 4 calculated the modes of a benzene crystal based on these earlier studies and Warshel and Lifson s gave general formulas for crystal normal mode calculations with periodic boundary conditions. Scheraga and co-workers have presented several calculations 6 ,7 of van der Waals modes of clusters. More recently, Menapace and Bemstein 8 extended this approach to calculate the van der Waals vibrational modes of heterogeneous clusters [i.e., C 6 H6 (H 2 0)I,C 6 H 6 (Ar)1 ,C 6 H 6 (CH 4 )1,C 6 H 6 (NH 3 )1' etc.]. Jortner et al.
-
11 calculated a limited subset of cluster normal modes using an empirical potential and an approximate SchrOdinger equation. Watts et al. 12, 13 have studied the structure and vibrations of the water dimer employing a number of different approaches. Janda et al. 14 have studied the ethylene dimer and ethylene rare gas systems. With the exception of the quantum mechanical treatments 9 - 14 the above studies employ the GF matrix method of Wilson 15 considering both inter-and intramolecular interactions (force fields) simultaneously. In all of these instances the original molecular geometry is employed in the calculation-any molecular distortion due to the intermolecular interaction within the cluster or crystal is (implicitly) ignored. We term this approach, without molecular structure relaxation, the total force field-unrelaxed molecule (TFF-UM) approach.
Cluster normal mode analyses employing the GF matrix method involve (implicitly or explicitly) the overall cluster translational and rotation degrees offreedom. The TFF-UM approach to this calculation does not necessarily set these modes to zero energy, as of course a correct calculation must. Indeed, if the intermolecular interactions are strong, this approach gives significantly large cluster overall translational and rotational energies and causes extensive mixing between cluster van der Waals, translational and rotational modes.
Nonetheless, the GF matrix diagonalization is an effective method for determination of the harmonic normal modes of van der Waals clusters; how to generate appropriate cluster F (force field) and G (reciprocal mass) matrices is the concern of this report. We discuss two algorithms for the generation of correct G and Fmatrices for cluster normal modes of vibration. The total force field-relaxed molecule (TFF-RM) method involves both inter-and intramolecular force fields. The external force field (EFF) method involves rigid molecules and the intermolecular force field only. The results of both calculations are essentially identical: the van der Waals mode energies are dependent only on the chosen intermolecular potential and the molecular geometry.
In the ensuing discussion we describe the potentials and concomitant geometries employed in these calculations. General descriptions of the two calculational algorithms (TFF-RM and EFF) are then presented. In the third section the details and manipUlations associated with both calculational methods are given. The results and conclusions are presented in the final sections of this report.
II. GENERAL DESCRIPTION OF THE TECHNIQUES

A. Intermolecular potentials and cluster geometries
Cluster intermolecular potential energy is calculated from several empirical intermolecular potential forms. Most frequently and generally the atom-atom Lennard-Jones 6-12-1 potential, adapted from the work of Ref. 16, is employed. In Eq. (1) the summation is over all atom pairs for different molecules, parameters Aij and Cij are given in Ref. 8 , r ij are the interatomic distances of the atoms in different molecules, and e j is the partial change on atom i. The e j can be obtained from the work of Scheraga l7 ,18 and also from MOPAC 5 19 ,20 calculations using an appropriate Hamiltonian.
A potential employed for water clusters is somewhat different and is adopted from the work of Jorgensen:
The parameters dij' cij and bij are given in Ref. 21 . The summation for the Coulombic term in the potential (denoted by ~') is over all the charge pairs in different molecules, and the Lennard-Jones summation (denoted by~) is over all atom pairs for atoms in different molecules. Each water molecule in this interaction form has four charges. This water molecule is thus five centered: two hydrogen atoms with their partial charges and one oxygen atom with two partial charges located at approximate lone pair positions. This potential form gives the experimentally suggested water dimer geometry. 22 A potential form proposed for benzene-water clusters is an atom-atom Lennard-Jones 1-4-6-9-12 potential adopted from the work of Jonsson et al. 23 + Dij/r't + Eij/rij2] (3) in which the parameters are detailed in Ref. 23 .
Cluster geometries are calculated from an energy minimization routine with fixed (rigid) molecule structures: in the routine, the molecules comprising the cluster are randomly placed in space and the molecules are translated and rotated toward the cluster structure of lower energy. All molecules are eventually trapped in a local cluster potential energy minimum. An energy minimum geometry is defined as that cluster geometry for which all forces and torques on a molecule are less than ca. 10 -14 dyn and dyn-A., respectively, and all molecular displacements up to roughly 0.1 A. generate higher energy cluster structures.
B. Total force field-relaxed molecule method
This approach to the calculation ofthe normal modes of clusters considers both the inter-and intramolecular force fields; that is, the total cluster force field. The full 3n X 3n force field matrix F in Cartesian coordinate representation, with n the total number of atoms in the cluster, is developed and employed.
The intramolecular force field is adopted from the literature. For example, the general force fields for ammonia, water, methane, etc. are given by Herzberg 24 and the general force field for benzene is given by Whiff en. 25 Other molecular force fields 2 6-28 can also be employed in these calculations; however, the van der Waals modes are quite insensitive to the molecular force field. The intermolecular force field is directly calculated from one of the intermolecular potential energy forms [i.e., Eq. (1) or (3)] by analytical calculation of second partial derivatives.
In order to obtain meaningful harmonic force constants for the cluster based on the analytical second derivatives of a chosen potential form, the residual force (f) on all the atoms must be zero. Since the energy minimization procedure moves rigid molecules as a whole, the force residue on each atom does not necessarily get minimized as the force residue on the molecule is minimized. Thus the cluster structure is no longer at a potential minimum when the internal force field is subsequently involved. Force residues on the atoms are of the magnitude 10 -5_10 -6 dyn, compared to the initial force and torque residues on each molecule of 10 -14 dyn and dyn-A., respectively, at a cluster rigid molecule equilibrium geometry. Thus, if an accurate reliable harmonic force field is to be evaluated, all the molecular structures in the cluster have to be "relaxed" in accord with the intra-and intermolecular potentials employed to insure that a true potential minimum for the atoms in the cluster has been achieved. Higher order nonharmonic corrections to these intermolecular force fields also depend essentially on the establishment of a true cluster equilibrium geometry in the presence of all forces, torques and interactions.
In the calculations discussed below, the Newton-Raphson method is used to displace each atom in the cluster to find its new equilibrium position. Normal mode analysis is applied only after the force residue on each atom is less than 10 -14 dyn. van der Waals mode energies are then found by diagonalization of the GF matrix. The internal molecular modes and the six cluster translational and rotational zero energy modes are then identified and the remaining modes are the van der Waals vibrational modes of the cluster. Eigenvectors are calculated to identify and confirm the character of all the generated modes of the cluster.
The quality of the calculational algorithm can in part be judged by the calculated "zero energy" translational and rotational cluster modes. Of course, the harmonic assumption is also made by the very nature of the calculation. The overall quality of the theoretical results for van der Waals modes of clusters (as judged by comparison with experiments) depends on this above separation, the harmonic approximation and on the quality of the chosen intermolecular potential.
C. External force field method
The external force field method considers each (nonlinear) polyatomic molecule as a rigid body with only six degrees of freedom. The degrees of freedom for the van der Waals clusters are reduced, with respect to those needed for the TFF-RM method first discussed, from 3n-6 to 6m-6, with n the number of atoms in the cluster and m the number of molecules in the cluster.
Within the EFF calculational approach, no internal force field is involved. The force and torque residues for the molecules in the cluster are as originally calculated, ca. 10 -14 dyn or dyn-A., respectively. The mixing between the van der Waals modes and the cluster translational and rotational modes caused by these residual first derivative terms is negligible. The originally obtained cluster geometries can be used directly without further modification. The 6m X 6m GF matrix can be diagonalized and the van der Waals modes of the cluster are generated along with the six zero energy modes of overall cluster translations and rotations. The problem posed for the EFF method is the 3n to 6m coordinate transformation and its associated first-and second-order derivatives: these are discussed in detail below.
III. ALGORITHMS AND COMPUTATIONAL PROCEDURES
In this section the formulas used in both the TFF-RM and EFF calculational methods are derived. Several coordinate systems are required for these calculations and they will be briefly defined first.
A. Coordinate systems and coordinates
We wiJI use and refer to the following coordinate systems: (1) cluster Cartesian coordinate system; (2) molecular internal coordinate system, involving the bond lengths, bending angles, etc., in terms of which the molecular internal motions are described; (3) a molecule Cartesian coordinate system with its origin fixed at the molecular center of mass and its axes parallel to those of the cluster Cartesian coordinate system; and (4) a molecule principal axis system (in which the molecular moment of inertia tensor is diagonal). Atoms are located by 3 atomic coordinates (x, y, z,) and molecules are located by six coordinates in the cluster Cartesian system.
B. Total force field-relaxed molecule method
A function g( x) is at a minimum at some point Xo if and only if its first derivative ag(x)/ax is zero and its second partial derivative matrix a 2g (x)lax;ax j (for all i, j = 1 , ... ,n) is positive definite at this point Xo' In other words, a true cluster potential minimum, with zero force residue f(x) = aE lax, will yield a semipositive definite force field matrix F and the eigenvalues of the F matrix (or the GFmatrix) will thereby be aH positive or zero. The cluster force field must be calculated at the equilibrium position of each particle in the cluster to obtain physically meaningful (non-negative, both zero and positive) normal mode energies.
The readily available and adopted forms for the intermolecular and intramolecular interactions and force fields are distinctly different. Intermolecular interactions are represented in the form of a potential energy function dependent on the atomic position (Cartesian) coordinates. The intermolecular forces and the intermolecular force fields are obtained from this function as the sets of first and second derivatives (evaluated at the equilibrium configuration chosen), respectively.
On the other hand, the intramolecular force fields are given in the molecular internal coordinate system in terms of the internal displacement coordinates. The molecular internal potential energy and restoring forces can only be calculated from molecular distortions, by assuming, for example, the molecular internal force fields to be harmonic. Let E, f, and F denote cluster energy, force residue vector, and force field, respectively. Both E and f have contributions from the intermolecular (external) interactions and the intramolecular (internal) interactions, such that
In Eq. (4) the SUbscripts ext and int denote contributions from the intermolecular interaction and the molecular distortions, respectively, LlS denotes the internal displacement coordinate vector, x or S in parenthesis indicates the coordinate system (cluster Cartesian or molecular internal) with respect to which the matrix or function is presented, the x subscript indicates the force element in the x direction, and superscript t indicates the transpose vector.
The force field F, the second derivative of the potential E, in atomic Cartesian coordinate representation can be written as
Fint,xy (x) = (aLlS lax)Fint (S) (aas' lay) + aSF;nt (s)(a 2as' laxay). (5)
The partial derivatives (aaSlax) and (a 2aSlaxay) must be calculated. Table I gives definitions of the internal coordinates (bond stretching, angle bending, out of plane wagging, and torsion) used in this work. Others can be generated as required. Most of these definitions appear in Ref.
15, but a few of the coordinates are redefined in order to remove potential singularities.
The first partial derivatives of molecular internal coordinates with respect to atomic Cartesian coordinates (expressed in either the cluster or molecule Cartesian coordinate system-the elements of the HB matrix") are deduced and tabulated in Ref. 15. The analytical second partial derivatives of the molecular internal coordinates with respect to atomic Cartesian coordinates have not been previously presented. While these derivatives are straightforward to obtain, their presentation in vector form is useful for computations: the fuH deduction of the requisite first and second partial derivatives in vector form is presented in Table II .
The calculation procedure is as foHows: (1) cluster energy E, force residue f, and force field matrix Fare calculated in atomic Cartesian coordinate representation for a given geometry; (2) if the magnitude of C is greater than 10 -14 dyn, a Newton-Raphson method is employed to find atomic displacements toward a lower cluster potential energy; (3) the total molecular distortion is updated in molecular internal coordinates for each molecule of the cluster; (4) E, C, F are recalculated as above; (5) termination occurs when the magnitude off is appropriately small (ca. 10 -14 dyn) or the atomic displacement is less than 10 -11 A. The current F matrix is then used to construct the GF matrix product for normal mode analysis.
proximated as (aaS/iJx)·ax as the atomic displacements become large (ca. 0.1 A.).
An eigenvalue shift routine is also employed to ensure rapid approach to a true potential energy minimum position. Care must be taken to reduce computer rounding errors in these calculations because the requirements on zero cluster translational and rotational residual forces are quite stringent. These force residues are made to go to zero.
C. External force field method
Note that the molecular distortion in internal coordinates as must be explicitly calculated and saved in order to calculate the molecular restoring force. as cannot be apIn the external force field method, only the intermolecular interaction energy is considered; that is, E = E e .!. The 
Other necessary derivatives Jalax a 2 alaxay a(a·b) lax a(aXb)/ax When both a and b are rij:
cluster intermolecular potential energy is given originally as a function of the cluster Cartesian coordinates x of the atoms and any charges not located at atomic positions. The intermolecular interaction energy must thus be transformed into a function of molecular coordinates QJ for the jth molecule of the cluster-the indexj runs over all m molecules of the cluster. In order to get both F and G matrices in this molecular displacement coordinate representation,
the appropriate coordinate transformation must be obtained. The vector Q is of the form Q = (Qp Q2 , ... ,Qm ), with Q j given below.
1. The G matrix (Ref. 15) For each molecule, the molecular displacement coordinates involve three rotations (¢a, ¢(3' ¢y) along the three principal axes of the molecules and three translations (X, Y, Z) along the cluster Cartesian coordinate system axes. One can then write
in which mj and Xi are the mass and X coordinate of atom i (in a particular moleculej), Ijaa is the molecule moment of inertia along the a-axis, and a i • fli> ri are the atomic Cartesian coordinates of the ith atom in thejth molecule principal coordinate system. Cyclic permutation of the variables produces the other required relations. Based on these relations, the molecular B matrix (a Q/ ax) can now be formed. The G j matrix is thereby given as ) in which M, is the (diagonal) molecular atomic mass matrix. Equation (8) yields the correct diagonal molecular G matrix, with the inverse of the molecular mass as the entry for the molecular translational motions, and the inverse of the corresponding moment of inertia for the molecular rotational motions.
Since the translational and rotational degrees of freedom of one molecule are independent of those of another, the molecular displacement coordinates of one molecule are orthogonal to those of another. The B matrix of the whole I cluster is thus block diagonal and the G matrix of the cluster is diagonal.
2. The F matrix (Ref. 15) To find the force field matrix F in the same coordinate system we return to Eq. (6) to find
and one element of F( Q) for a given molecule is
in which Q, Qv or Q/l indicates any of the molecular coordi-
Since aE I ax is the force f on atoms and not necessarily zero in the EFF approach, both (axlaQ) and (d 2xl aQvaQ/J) are required to calculate F( Q). Note that the (axlaQ) cannot be obtained from inversion of the B matrix as B is singular. The analytical determination of these first and second derivatives is discussed in the ensuing presentation. Atomic displacements dx in one molecule are independent of molecular displacements dQ of another molecule and the matrices (axlaQ) and (a zx/aQvaQfL) are thereby block diagonal in terms of molecules in the cluster. We thus drop any notation and indices referring to a particular molecule.
For a rigid molecule, an atomic transitional displacement is just the molecular translational displacement and thus, ax;laX=I, ax;lay=O, and aZxjaxaQ/l=o (11 ) in which Xi are atomic coordinates of the ith atom, X and Y are the molecular X andy coordinates, respectively, and QfL can be any molecular translational or rotational coordinate. Other derivatives are found by cyclic permutation of the coordinates in Eq. (11).
The derivatives of Eqs. (9) and (10) must be found only for the molecular rotational coordinates (¢a' ¢P' ¢y). The derivatives can be explicitly generated by first considering the general rotation matrix R (0) for a rotation about an arbitrary direction in space. Let (a\, a z , a 3 ) be a unit vector along that direction and let 0 be the rotation angle about this direction. The rotation matrix R (0) is then 
This rotation matrix is derived as a product of three successive rotations: a rotation of the z axis to the direction (aI' a z , a 3 ); a rotation of the coordinate system around the new z axis (a I' a z , a 3 ) by an angle -0; and a rotation of the z axis back to its original direction. can be gotten from the orthogonal matrix which diagonalizes the molecular moment of inertia tensor. One can readily demonstrate that the rotation order [order of the matrices in Eq. (13)] is of no consequence for the final F (Q) provided that: the same rotation order is maintained for all atoms in a molecule; the molecule has no net torque; and the rotation is an infinitesimal one. Moreover, the rotation matrix Pin Eq. (16) may be either proper or improper (Le., IP I = ± 1). Of course, alI the rotation matrices for all the molecules in the cluster must be simultaneously proper or improper.
Eigenvectors
To visualize the resulting eigenvectors of the GFmatrix in the EFF method, transformation of these eigenvectors into the cluster Cartesian coordinate system is quite helpful. We discuss this procedure below.
Three successive smaIl rotations (<p a,<P {3 ,<P y) of a molecule around its three molecular principal axes are equivalent to a single rotation <P around the axis pointing in the direction (<Pa'<P{3'<P y ) for which <P is the norm of the vector (¢ a,¢ {3 ,¢ y ). Rotation of a molecule through (<p a,<P {3 ,<P y) in the molecular principal coordinate system is equivalent to rotation of the molecule about (<Pa ' <P{3 ,<P y ) P in the molecular coordinate system with axis parallel to those of the original cluster Cartesian coordinate system.
For three infinitesimal rotations tPa, <P{3' <Pr around the three molecular principal axes, Eq. (15a) gives (17) in which (<p~,<Pp'<P~) = (<Pa'<P{3'<P Y ) P. Let the eigenvector coefficients for a molecule j be (X J, Y J,Z J '<Pja '<Pj{3'<Pjr)' The equivalent but unnomalized eigenvector coefficients for each atom i in molecule j are (18) in which again (<PJa ,<PJ{3,<PJY) = (tPja '<Pj{3,<Pjr) ~, and rj is the atomic coordinates of atom i in the molecular coordinate system with axes paralIel to those ofthe original cluster Cartesian coordinate system.
Summary of EFF method
The EFF computational procedure is summarized as folIows: (1) calculate the intermolecular force vector f and force field F in atomic coordinates based on the cluster geometry of the local energy minimum with rigid molecular structure; (2) find the molecular moment of inertia tensor for every molecule in the cluster and diagonalize it; (3) the molecular mass and principal moments of inertia are saved as the inverse entry of the usual G matrix; (4) the orthogonal matrices which do this diagonalization are determined to be proper or improper and are saved as the rotation matrices P in Eq. (16); (5) the matrices of the first partial derivatives ax/ aQ and second partial derivatives a 2X/ aQyaQp. are calculated based on Eqs. (11) and (15); (6) the GF matrix is formed in the molecular coordinate representation and diagonalized; and (7) the eigenvectors are transformed back to atomic coordinates for visualization according to Eq. (18). Table III contains the results of calculations of the van der Waals modes of the water dimer by several different techniques: TFF-UM, TFF-RM, EFF, and MOPAC 5 algorithms. Different potential forms are employed as well for the two methods advocated in this work. Unfortunately, no experimental results are available for comparison. The cluster geometries associated with these potentials are given in Fig. 1 . The "relaxed" geometry obtained for this dimer (TFF-RM) is not distinguishable from that of the original one presented. The results for the two methods discussed in detail (TFF-RM and EFF) are virtually indistinguishable-this demonstrates the detailed correctness of both calculational methods. The residual nonzero rotational and translational energies are due almost entirely to round-off errors in the computer calculation. Since no five-center water molecule internal force field is available, mixing of the Eq. (2) intermolecular force field and any three-center intramolecular force field in any TFF approach causes nonzero cluster translational energies. This potential then can only be employed within the EFF method.
IV. RESULTS AND DISCUSSION
A. Homogeneous clusters
The TFF-UM approach with any intra-and intermolecular potential, generates large, residual forces on the atoms and thereby large nonzero (negative) eigenvalues for the overall translational and rotational modes of the clusters. This is seen in Table III. One might anticipate that by increasing the internal force field and thereby making the molecule more rigid, one could force these negative eigenvalues to zero. The results presented in Table IV sons can be cited for the failure of this approach: (1) the force residue, from which these negative eigenvalues derive, is neither reduced nor balanced by increasing the internal force field; and (2) the disparity between the sizes of the two force fields eventually causes the matrix diagonalization routine to fail. The first column of Table IV gives the calculated energies for the water dimer geometry given in Fig. 1 (c) . This structure is at a saddle point on the intermolecular potential surface described in Eq. ( 1). Cluster geometries at true energy minima (f = 0 and IF I semipositive definite) must have six zero energy translational and rotational modes, and no negative vibrational energies. Cluster geometries at saddle points may also have six zero energy modes but additionally have negative energy vibrational modes due to the negative curvature of the potential surface at the saddle point in some direction. Nonzero residual forces will cause nonzero translational and rotational energies. Thus a van der Waals mode analysis can be used to check for true minimum energy or saddle point cluster structures. These results (Table III and IV) suggest that the geometries observed from the energy minimization analysis are indeed at local energy minima. Larger water clusters [( H 2 0) m' n = 3, ... , see Fig. 2 ] represent a very difficult calculation for the TFF-UM approach due to the strong intermolecular interactions. Thus, mixing of the van der Waals modes with both the internal modes of water and the overall rotational and translational motions ofthe cluster (f > 0) can be quite extensive. Table V,   along with Tables III and IV , provides an example of this problem. Clearly the normal modes of even the simplest clusters can be reliably calculated only after the residual forces in the cluster are zeroed (by TFF-RM, EFF, or some other technique).
The difference between mode energies calculated by the TFF-RM and EFF methods is greatest for the high energy modes due to the mixing of the van der Waals modes with the internal modes: the TFF-RM high energy modes are lower in energy than the comparable EFF modes as is to be expected. The two methods yield nearly identical results for the low energy modes. The requisite relaxed geometry calculated for the TFF-RM method is different from that of the original energy minimization result by typically less than 0.1 A (see Fig. 2 ). The maximum cluster translational and rotational energies for each calculation are given in parenthesis. All the corresponding cluster geometries, based of course on the various potentials, are depicted in Fig. 3 .
The calculational results for heterogeneous clusters presented in Table VI are nearly identical for both the TFF-RM and EFF methods. Apparently little internal mode-external mode coupling takes place in these clusters. Clearly cluster geometry [i.e., C6H6 (NH 3 )1 J and cluster intermolecular potential are the major determining factors for normal mode energies in these clusters if the calculations are performed at an appropriate equilibrium position. To explore this depend- Fig. 3 . The entry in each column in parenthesis represents the largest value for the set of modes indicated. ence further, TFF-RM calculations based on different internal force 2s -28 fields are explored. As expected, the external modes are nearly invariant to changes in the molecular force field for these systems.
C.H.(H
Based on these new calculations we can attempt to reassign the observed van der Waals modes for the clusters presented in Table VI and Fig. 3 . The right-hand column contains the experimentally observed van der Waals mode energies. Only the fundamentals that seem reasonably in- tense and well characterized are included in this listing. If the molecular structures are not properly relaxed (TFF-UM) to drive f to zero, the low frequency van der Waals modes mix with the cluster translational and rotational motions. The extent of mixing not only depends on the magnitude of the force residues, but also on the nature of the internal force field. This latter point can be seen in the first two columns of Table VI for ed herein using a more complete and accurate force field for both molecules of the heterogeneous cluster. The eigenvectors calculated by both the TFF-RM and EFF methods are identical for a given potential function; the form of the eigenvectors and the mode energies are, of course, highly dependent on the chosen intermolecular potential. This can be seen in Fig. 4 quite clearly.
C. TFF-RM or EFF?
While the EFF method of calculating cluster normal modes of vibration does not yield the internal-external mode mixing and concomitant mode splittings and shifts, it does provide a simple effective method that yields quite reasonable results, especially if the external and internal modes are well separated in energy. For large clusters we recommend the EFF method (with the above caveats) for the following reasons: ( I ) only the intermolecular potentials are required; (2) reminimization of the cluster energy is not required; (3) since each molecule is described by only six coordinates much less computer memory is needed for this method compared to the TFF-RM method; and (4) the TFF-RM method can be applied only to atom-atom interaction potentials with point charges located at atomic mass positions.
--------------------------------------------
v. CONCLUSIONS
Two methods for the calculation of van der Waals modes of molecular clusters are presented. One uses both internal and external force fields to calculate all the vibrational eigenvectors and eigenvalues for a given cluster. The other employs the intermolecular force field only and thus obtains only van der Waals mode eigenvectors and eigenvalues. Both techniques ensure that modes are calculated for equilibrium structures of the cluster only. Both approaches give excellent separation between van der Waals modes and overall cluster (zero energy) translational and rotational degrees of freedom and give no negative eigenvalues.
The TFF-RM method, employing both internal molecular and intermolecular force fields, shows small mixing between the lower energy molecule modes and the high energy cluster modes. The two methods, TFF-RM and EFF, yield virtually identical results forvan der Waals modes below 150 cm -1, for the clusters and potential energy forms considered herein. In general, the calculation seems to be in good agreement with the sparse experimental data. The TFF-RM method also generates "exchange or exciton" type interactions between the internal molecule modes of the clusters.
Note added in proof:
The studies reported by A. J. Gotch, A. W. Garrett, D. L. Severance, T. S. Zwier, Chern. Phys. Lett. 178, 121 (1991) and unpublished work (Li and Bernstein) of our own call into question the assignments for the C.,H.,(H 2 0) n system. We have thus removed them from Table VI .
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